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Abstract
In high-energy heavy-ion collisions, a state of matter called quark-gluon plasma
(QGP) can be created. The production of particles from the QGP can be described
by different models, one of these is the blast-wave model. The blast-wave model
describes the production of particles from the QGP, not from jets. The model was
fitted to the existing transverse momentum spectra (pT ) for pions, kaons and protons
from lead-lead collisions. For low pT , the model followed the observed spectra, but
not for high pT . In this work, the jet part of the spectra was subtracted to attempt to
make the model describe the spectra better for high pT , and in that way understand
the real limit of the model better. When the jet part of the spectra was subtracted,
the model did indeed follow the spectra for higher pT . This indicates that there
is not some new physics that describes the intermediate part, but that it can be
described by the blast-wave model.
Popula¨rvetenskaplig sammanfattning
De fo¨rsta mikrosekunderna efter Big Bang (den stora sma¨llen) tros det ha bildats n˚agot
som kallas kvark-gluonplasma. Kvark-gluonplasma best˚ar av kvarkar och gluoner, som a¨r
s˚a kallade elementa¨rpartiklar. Elementa¨rpartiklar a¨r de minsta ka¨nda best˚andsdelarna.
Kvarkarna bygger upp sto¨rre partiklar som kallas hadroner, exempel p˚a hadroner a¨r proto-
nen och neutronen som atomka¨rnan best˚ar av. Det som h˚aller ihop kvarkarna i hadroner
a¨r den starka ka¨rnkraften. Den starka ka¨rnkraften fo¨rmedlas av gluonerna, det g˚ar att
se det som att gluonerna limmar ihop kvarkarna till hadroner (ta¨nk p˚a likheten mellan
gluon och engelska ordet fo¨r lim, glue). Kvarkar och gluoner har n˚agot som kallas fo¨r
fa¨rgladdning. Fa¨rgladdning kan liknas vid elektrisk laddning, bara att ista¨llet fo¨r att ha
ett la¨ge (plus/minus) som elektrisk laddning, har fa¨rgladdning tre la¨gen: ro¨d/antiro¨d,
gro¨n/antigro¨n och bl˚a/antibl˚a. Det a¨r p˚a grund av att kvarkar har fa¨rgladdning som glu-
onerna binder ihop dem till hadroner. Det faktum att gluonerna ocks˚a har fa¨rgladdning
ger upphov till vissa speciella egenskaper hos den starka ka¨rnkraften. Dessa speciella
egenskaper kallas fo¨r confinement och asymptotisk frihet. Confinement inneba¨r att desto
la¨ngre ifr˚an varandra kvarkarna och gluonerna kommer varandra desto starkare bundna
a¨r de till varandra. Detta leder till att kvarkar och gluoner aldrig kan existera som fria
partiklar, de ma˚ste allts˚a alltid vara bundna i hadroner. Asymptotiskt frihet inneba¨r
att om kvarkarna och gluonerna ista¨llet kommer mycket na¨ra varandra kommer kraften
mellan dem att bli svagare och de kan de bete sig som fria partiklar inom hadronen.
Det a¨r det senare som ha¨nder i kvark-gluonplasma, allts˚a att kvarkarna och gluonerna
kommer s˚a na¨ra varandra att de kan bo¨rja bete sig som fria partiklar. Blir densiteten
eller temperaturen tillra¨ckligt ho¨g kan inte kvarkarna och gluonerna la¨ngre urskilja vilka
som a¨r deras “kompispartiklar” och bo¨rja bete som fria partiklar inom ett omr˚ade som a¨r
mycket sto¨rre a¨n en hadron. Det a¨r detta medium da¨r kvarkarna och gluonerna kan bete
sig som fria partiklar som kallas fo¨r kvark-gluonplasma, na¨r flera hadroner trycks ihop
och f˚ar mycket ho¨g densitet eller temperatur. Genom att studera kvark-gluonplasma a¨r
det da¨rfo¨r mo¨jligt att studera kvarkar och gluoner som fria partiklar. Det a¨r intressant
att studera kvarkar och gluoner som fria partiklar eftersom det p˚a s˚a vis g˚ar att la¨ra sig
mer om den starka ka¨rnkraften.
Kvark-gluonplasma kan skapas genom att kollidera tunga joner i ho¨genergikollisioner.
Denna typ av kollisioner kan man utfo¨ra med stora partikelacceleratorer, s˚a som the Large
Hadron Collider (LHC) som finns p˚a det internationella centret for nuklea¨r forskning,
CERN, i Gene`ve, Schweiz.
Det finns flera olika modeller fo¨r att beskriva hur kvark-gluonplasma bildas i jon-
kollisioner, en av dessa modeller a¨r blast-wave modellen. Blast-wave modellen beskriver
produktionen av partiklarna som bildas fr˚an kvark-gluonplasman na¨r den svalnar. Genom
att anpassa blast-wave modellen till data fr˚an jon-kollisioner g˚ar det att la¨ra sig mer om
kvark-gluonplasmans egenskaper.
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1 Introduction
In high-energy heavy-ion collisions, a state of matter called quark-gluon plasma (QGP)
can be created. QGP consists of deconfined quarks and gluons. Quarks and gluons
are elementary particles that interact via the strong nuclear force. Due to properties of
the strong interaction, the quarks and gluons must always be confined. However, while
confined in the large QGP, the quarks and gluons can act as free particles. Therefore, it is
possible to study quarks and gluons as free particles and to learn more about the strong
interaction by observing the QGP.
Heavy-ion collisions are performed both at the Relativistic Heavy-Ion Collider at the
Brookhaven National Laboratory and at the Large Hadron Collider at the European
Organization for Nuclear Research. In this thesis, data obtained from lead-lead collisions
- with a centre-of-mass energy of 2.76 TeV per colliding pair - performed at the Large
Hadron Collider are used. The ALICE detector (A Large Ion Colliding Experiment) is
used for detecting and identifying the particles.
There are are several models concerning the production of particles from the QGP.
One of these models is the blast-wave model, which is the model studied in this thesis.
The blast-wave model describes the properties of the QGP during the freeze-out phase,
see Sec. 3.4. The blast-wave model is used to analyse the transverse momentum spectra
of produced particles in lead-lead collisions. When a blast-wave model is fitted to the
transverse momentum spectra, it can be observed that the model does not entirely follow
the spectra. For low transverse momentum, the model fits the spectra, but not for higher
transverse momentum. The aim of this thesis is to attempt to make the model describe
the spectra better for higher transverse momentum. The blast-wave model describes the
production of particles from the QGP, not from jets. The idea is to try to subtract this
jet part from the transverse momentum spectra to better understand the real limit of the
model.
The analysis is done for pions, kaons and protons in the centrality ranges 0-5%, 10-20%
and 40-60%, for centrality see Sec. 3.1.
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2 Theory
2.1 The Standard Model
In particle physics the smallest components of matter, the elementary particles, are stud-
ied. All elementary particles are described by the Standard Model. There are two major
groups of particles in the Standard Model: fermions (the matter particles) and bosons
(the force mediators). Fermions have half-integer spin and bosons have integer spin. An
illustration of how the particles are ordered in the different groups in the Standard Model
can be found in Fig. 1.
The fermions are divided into two smaller groups of particles: quarks and leptons.
Quarks carry both colour charge and electric charge and are divided into three generations,
see Fig. 1. Quarks are bound together and build up hadrons. Hadrons consist of three
quarks/anti-quarks, baryons, or one quark and one anti-quark, mesons. The leptons are,
as for the quarks, six particles divided into three generations, see Fig. 1. The electron,
muon and tau have electric charge while the neutrinos only interact weakly.
Figure 1: The figure displays the different particles and how they are ordered into
different groups in the the standard model. [6]
The bosons are the force carriers. There are five known bosons, four gauge bosons and
one scalar boson. The gauge bosons are the photon, the gluon and the weak bosons (W±
and Z). There exists a hypothetical fifth gauge boson, namely the graviton, which is the
force carrier for gravitation. The graviton has no quantum theory and is, therefore, not
included in the Standard Model. The scalar boson is the Higgs boson, that was discovered
recently. The Higgs boson gives rise to the Higgs field, which interacts with all matter
and in that way gives all Standard Model particles their mass.
The photon is the force carrier for the electromagnetic force, which only interacts with
particles that have electric charge. The weak bosons are the force carriers for the weak
force and interact with all fermions. The gluon is the force carrier for the strong force
and interacts with all particles that have colour charge. Due to that the gluon itself has
colour charge, it can interact with itself. The fact that the gluon can interact with itself
gives rise to two special properties of the strong interaction: confinement and asymptotic
freedom. Confinement means that observable particles must have zero colour charge.
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This is due to the fact that for large distances between quarks or gluons, that is for low
energies, the coupling constant αs gets larger. Since both quarks and gluons (partons)
have colour charge, they can never exist as observable particles and must always be bound
in hadrons or in glueballs (gluons bound together). Asymptotic freedom means that for
short distances between partons, that is, for high energies, the coupling constant αs
decreases logarithmically. The coupling constant αs also decreases when the temperature
increases. [14, 16] When the density and/or temperature of hadrons get high enough, the
partons will be bound so weakly that the partons will be able to move as observable
particles. The state of matter where the partons can move freely is called the quark-
gluon plasma (QGP). [16, 1] However, it has been realised that the QGP exhibits strong
collective effects, which suggests that the picture is more complicated.
2.2 Quark-Gluon Plasma
When a high enough temperature or density is achieved, the partons can no longer dis-
tinguish their partner particles and thus are able to move freely over a volume that is
much larger than a hadron. Figure 2 shows a phase diagram of QGP, where it can be
observed how the phase depends on the temperature and density. It is understood that
there existed QGP during the first microseconds after the Big Bang; it is also speculated
that it could exist in the centre of neutron stars.
Figure 2: A phase diagram of quark-gluon plasma. When the temperature and/or
density gets high enough there is a phase transition from hadronic matter to
quark-gluon plasma. [5]
A QGP can be created by colliding heavy ions head-on if the energy in the collision is
high enough. With heavy-ion collisions it is mainly the temperature that is increased, and
not the density. This is due to that matter and anti-matter is created in equal amounts in
the collision. Heavy-ion collisions are performed at the Large Hadron Collider (LHC) at
the European Organization for Nuclear Research (CERN) and at the Relativistic Heavy-
Ion Collider (RHIC) at Brookhaven National Laboratory (BNL). By being able to create
a QGP it is possible to study the quarks and gluons as free particles and, therefore, also
learn more about the strong interaction.
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3 Heavy-Ion Collisions
QGP is studied by colliding heavy ions head-on at, among others, LHC at CERN. At
LHC lead (Pb) ions are used to create QGP. The temperature in this type of collision is
more than 100,000 times hotter than the Sun’s centre [13]. When the ions collide they
will create a very strong colour field, a fireball, where a QGP will form [14]. After the
QGP is formed, it will start to expand. The expansion is due to the thermal pressure
the fireball exerts on the surrounding vacuum. This expansion can be modelled using
hydrodynamics and gives rise to strong collective flow. When the fireball expands, its
density will decrease and, therefore, the fireball will also start to cool down. The partons
in the fireball will start to hadronize when the temperature gets low enough. After the
hadronization there will be the freeze-out phase where the hadrons decouple [9]. These
hadrons are what is detected and measured with the detector system.
3.1 Multiplicity
In the collision between two nuclei, there will be an impact parameter b, see Fig. 3.
The impact parameter can range from zero to the sum of the radii of the two colliding
nuclei. The lower value of b, the more central is the collision and the higher value of
b, the more peripheral is the collision. Central collisions correspond to a high particle
multiplicity, and peripheral collisions correspond to a low particle multiplicity [17]. The
higher particle multiplicity there is, the more participating particles there are in the
collision. The multiplicity is almost directly proportional to the number of participating
particles. In this thesis the analysis will be done as a function of centrality. Centrality can
not be measured directly, instead the multiplicity is used as a proxy. The 0-5% centrality
means the collisions with the 5% largest multiplicity, that is the most central collisions
with the most participating particles.
Figure 3: Two colliding nuclei before (left) and after (right) the collision. The number
of participating particles depends on how small the impact parameter b is. [3]
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3.2 Transverse Momentum
When studying heavy-ion collisions it is interesting to look at the transverse momentum,
pT . The transverse momentum is the momentum that is perpendicular to the z-axis. The
z-axis is defined to go along the beam line. Therefore, the pT will be zero before the
collision. The pT is defined as,
pT =
√
p2x + p
2
y.
Specifically, when studying QGP, it is interesting to look at pT because the pT spectrum
gives information about the properties of the matter. For low pT (pT . 2 GeV/c), the
spectrum gives information about the production of the matter and for high pT (pT &
10 GeV/c), the spectrum gives information about the properties of the transport via so
called jet quenching [12].
3.3 Jet Quenching
When colliding e+ and e− or hadrons (e.g. in nucleus-nucleus (AA) collisions), two jets
that have back-to-back momenta are sometimes observed. Jets are clusters consisting of
hadrons, that move in approximately the same direction. If a jet is travelling through a
medium, instead of vacuum, the jet will loose energy through radiation. Due to this, a jet
that has travelled through a medium will have less energy than it would have without the
medium. This phenomenon is called jet quenching. Jet quenching was predicted theoret-
ically and later discovered experimentally in AA collisions. One effect of jet quenching is
suppression of high pT particles in AA collisions [9]. To express the suppression of high
pT particles, the nuclear modification factor (RAA) is used, RAA is given by
RAA =
d2NAAid /dydpT
〈TAA〉d2σppid /dydpT
, (1)
where NAAid are the charged particles produced in AA collisions, σ
pp
id is the cross section
in proton-proton collisions and 〈TAA〉 is the nuclear overlap function [12].
3.4 Blast-Wave Model
Heavy-ion collisions are complex, and there are several different models trying to explain
one or more features. One of these models is the blast-wave model, which describes the
dynamics of the freeze-out phase. The main idea of the blast-wave model is that the
hadrons suddenly decouple simultaneously, i.e. the freeze-out happens at the same time
[9]. This results in a transverse two-dimensional (2D) hydro parametrization blast-wave
that boosts the particles created in the collision. The hadrons get boosted according to
their mass via the local flow velocity.
The first assumption of the model is that the particles detected in heavy-ion collisions
are only radiated from a thermal source with temperature T . From this assumption, the
following expression for the transverse mass spectrum (dN/(mTdmT ) is obtained
1
mT
dN
dmT
=
V
2pi2
mTK1
(mT
T
)
, (2)
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where V is the volume of the source, mT the transverse mass (defined as: mT =
√
m2 + p2T )
and K1 is the modified Bessel function of the second kind and is defined as,
Kn =
pi
2
I−n − In
sin(npi)
,
where I−n and In are Bessel functions of the first kind and are defined as,
In(z) =
(z
2
)n ∞∑
k=0
(z2/4)k
k!Γ(n+ k + 1)
,
where Γ(z) is the gamma function. As mentioned in the previous section, the pT is in the
order of GeV/c, hence mT will also, typically, be of this order. The temperature is only
in the order of T ≈ 200 MeV, which results in mT  T , and thus Eq. 2 can be simplified
to
1
mT
dN
dmT
= V ′
√
mT e
−mT /T . (3)
However, when Eq. 3 is applied to experimental data it does not fit the data entirely.
There are some more parameters that the model has to take into account, e.g. the boost-
invariant longitudinal expansion model and, above all, transverse flow. When everything
is taken into account, the model results in a blast-wave function given by
1
pT
dN
dpT
∝
∫ R
0
rdrmT I0
(
pT sinh ρ
Tkin
)
K1
(
mT cosh ρ
Tkin
)
(4)
where r is the radial distance in the transverse plane from the centre of the fireball, R is
the fireballs radius, I0 is the modified Bessel function and Tkin is the temperature of the
kinetic freeze out. ρ is the velocity profile given by
ρ = tanh−1 βT = tanh
−1
(( r
R
)n
βs
)
where βT is the transverse expansion velocity, n is the velocity profile’s exponent and βs
is the transverse expansion velocity at the surface. It is beyond the scope of this thesis to
give a full derivation of Eq. 4, but in the following the role of each term in the equation
will be described.
In heavy-ion collisions there is approximate boost-invariance, which means that the
pT spectra to first order does not depend on rapidity. Due to this, it is typically only
done for 2D (transverse hydro). In the blast-wave model, it is assumed that there is a
circular 2D source with radius R and constant density. It is also assumed that there is a
transverse flow velocity through the source, described by βT = (r/R)
nβS, where r is the
local radius inside the source. This means that if e.g. n = 0, the velocity grows linearly
from βT = 0 at r = 0 to βT = βS at r = R [15].
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4 Heavy-Ion Collisions at the LHC
The analysis in this thesis is done using experimental data from the ALICE detector (A
Large Ion Colliding Experiment) at LHC, CERN.
4.1 The Large Hadron Collider
The LHC is a part of the CERN accelerator complex, see Fig. 4. The particle accelerator
ring is 27 kilometres long, which makes it the largest in the world. Superconducting
magnets generate a strong magnetic field, which steers the particle beams inside the
accelerator ring. Radio-frequency cavities accelerate the beam and keep the particles in
the beam in controlled bunches. There are two ultrahigh vacuum tubes for the two particle
beams to travel through; one in each direction. The particle beams travel at almost the
speed of light [7].
Figure 4: A schematic figure of the CERN accelerator complex. The largest ring is the
LHC, which is the collider used to obtain the data used in this thesis [4]
.
The centre-of-mass energy for the collisions depend on what type of particles are
accelerated. For Pb-Pb collisions, which is what is used in this thesis, the centre-of-mass
energy is 2.76 TeV per colliding pair. The centre-of-mass energy was increased to 5.02 TeV
for Pb-Pb collisions November 2015 [8].
There are four particle detectors situated on the LHC ring, at these four points the
particle beams are made to collide. The four particle detectors are: ALICE, CMS, ATLAS
and LHC-b.
4.2 ALICE
The ALICE detector is optimized for heavy-ion collisions and focuses on quantum chromo-
dynamics (the theory describing the strong interaction). The detector is also used to study
proton-nucleus and proton-proton collisions. The weight of the detector is approximately
7
10,000 tons and it is 26 m long, 16 m high and 16 m wide [13]. The detector contains
several smaller detector systems, which in turn are divided into three categories: central
barrel detectors, forward detectors and the muon spectrometer. In this thesis the results
have been obtained with the central barrel part of the detector [12]. The central barrel
part of the detector is inside a large solenoid magnet, with a magnetic field of B = 0.5 T
[10]. Ordered from inside out, the central barrel part consists of the following smaller
detector systems: an Inner Tracking System (ITS), a Time-Projection Chamber (TPC),
the Time-Of-Flight (TOF) detector, the High Momentum Particle Identification Detector
(HMPID), Transition Radiation Detectors (TRD) and two electromagnetic calorimeters
(PHOS and EMCal) [13]. For a schematic view of the ALICE detector see Fig. 5. The
detectors used to obtain the data used in this thesis was the ITS, TPC, TOF and HMPID.
These detector where used for particle identification (PID) of the pion (pi±), kaon (K±)
and proton (p(p¯)) in the full pT range (0 ≤ pT ≤ 20) [12].
Figure 5: A schematic figure of the ALICE detector that was used to sample the data
used in this thesis. The different smaller detector systems are marked [2].
The ITS and TPC are both tracking detectors. The main purpose of the ITS is to
localize the primary vertex, reconstruct secondary vertices, PID and tracking of low-
momentum particles and to improve the resolution of the angle and momentum. The ITS
consists of silicon detectors that are placed in six cylindrical layers. The TPC is the main
tracking detector and its main purpose is to measure charged-particle momentum, PID
and determine vertices. The TOF and HMPID are mainly PID detectors [13]. For more
about the ALICE detector see [13].
8
5 Analysis Method
All the data that was used in this thesis are results from a previous publication [12]. The
data was obtained using the ALICE detector for Pb-Pb collisions with a centre-of-mass
energy of 2.76 TeV. The particles that were studied were pi±, K± and p(p¯) in the centrality
ranges 0-5%, 10-20% and 40-60%. The results were analysed using the ROOT framework
and software written in the programming language C++ .
When a blast-wave fit was aligned to the pT spectra for the pi
±, the K± and the p(p¯)
it did not entirely fit. For low pT the blast-wave fit followed the spectra, but for high pT
there was a hardening of the spectra that the fit did not follow. The aim was to make
the blast-wave fitting follow the spectra for higher pT . This was done by modifying the
nuclear modification factor RAA.
It was found in [11] that for high pT (pT & 10 GeV/c) the RAA was approximately
the same for the three particle species in each centrality range respectively, see Fig. 6.
In the figure it can also be observed that there was a large suppression, which implies a
large energy loss, of all the particle species for high pT . This suppression of the high pT
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Figure 6: The nuclear modification factor, RAA, as a function of the transverse
momentum, pT , for pi
±, K± and p(p¯). The result was done for (a) 0-5%, (b) 10-20%, and
(c) 40-60% centrality. Statistical errors are plotted as error bars and systematic errors as
boxes around the point.
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particles was due to jet quenching. Since the RAA was approximately the same for all
particles at high pT , it was proposed that the energy loss due to jet quenching does not
affect the composition of the particles. For pT . 10 the RAA gives important information
about constrains to the blast-wave model [11]. Thus, the jet quenching part (the hard
part) of the RAA could be considered as background and, therefore, be removed from the
RAA.
To remove the hard part of the RAA, a linear fit was made to this part of the spectrum
for the pi±, and then extended to range over the entire pT spectrum, see Fig. 7. The linear
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Figure 7: The nuclear modification factor, RAA, as a function of the transverse
momentum, pT , for pi
±, K± and the p(p¯). The result was done for (a) 0-5%, (b) 10-20%,
and (c) 40-60% centrality. Statistical errors are plotted as error bars and systematic
errors as boxes around the point. A linear fit has been done to the pi± for the hard part
in all three centralities.
fit was then divided by the RAA. Even though the linear fit was only done for the pi
±,
it was divided by the RAA for all three particle species respectively in all three centrality
ranges, see Fig. 8. The linear fit was only done to the pi± because flow affects the K± and
the p(p¯) the most due to their larger mass.
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Figure 8: The linear fit for the hard part of the pi± divided by the nuclear modification
factor, RAA, for all three particle species respectively, as a function of the transverse
momentum, pT . The figure displays the division for 0-5% centrality. The statistical
errors are plotted as error bars.
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Figure 9: The linear fit for the hard part of the pi± divided by the nuclear modification
factor, RAA, for all three particle species respectively, as a function of the transverse
momentum, pT . The figure displays the division for 0-5% centrality. The data below an
approximate minimum was set to be zero. The statistical errors are plotted as error bars.
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For pT ≈ 2 GeV/c there was an minimum for all particle species in all three centralities.
The values below this minimum were not of interest since they represented soft particles.
An approximate minimum was found by looking at the spectrum for the different particle
species in the three centralities. To remove the undesired values below these minimums
the data was simply defined to be zero below the chosen points, see Fig. 9, making
the Fit/RAA range from zero up to (approximately) one. This was the inverse of what
was desired. What was desired was to subtract the hard part from the RAA: this was
obtained by inverting the Fit/RAA, by taking 1 − Fit/RAA, so that it ranges from one
to zero instead, see Fig. 10. In the figure, it can be observed that there is a difference
between the three particle species. This difference is mass dependent, that is, the most
prominent difference is for the p(p¯) and the least for the pi±. The difference is expected
due to the flow effects.
When the hard part of the RAA was subtracted, the modified RAA was multiplied
with the pT spectra for the three particle species respectively in all three centralities. The
result is presented in Sec. 6.
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Figure 10: The inverse of the linear fit of the hard part for the pi± divided with the
nuclear modification factor, RAA, for all three particle species respectively, as a function
of the transverse momentum, pT . The inversion was done for (a) 0-5%, (b) 10-20% and
(c) 40-60% centrality. The statistical errors are plotted as error bars.
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6 Results
The result, obtained as described in Sec. 5, was the pT spectra, multiplied with the
modified RAA, for pi
±, K± and p(p¯) in the three centrality ranges 0-5%, 10-20% and
40-60%, together with the blast-wave fitting. The range of the blast-wave fitting was
extended to investigate if it did indeed fit better for high pT after the modification. To be
able to tell if the fitting was better after the multiplication with the modified RAA, both
the spectra from before and after the multiplication was plotted.
In Fig. 11, 12 and 13 the pT spectra for all three particle species for 0-5%, 10-20%
and 40-60% centrality before and after the multiplication with the modified RAA can be
observed. The blast-wave fit is displayed as the dashed curves. A part of the dashed
curves are black lines: these black lines are the fitting ranges of the blast-wave fit. The
range of the fit for the different particle species and centrality ranges before and after
the modification can be observed in Tab. 1. The parameters βmax, 〈β〉, T and n that are
displayed in Fig. 11, 12 and 13 are different parameters from the blast-wave function, see
Eq. 4. The parameters are, as desired, approximately the same for the before and after
case in the three centralities.
To see how good the fit was, the spectra/fit ratio was plotted. In Fig. 14, 15 and 16
the ratios for all three particle species in the centrality ranges 0-5%, 10-20% and 40-60%
can be observed. Figures 14a, 15a and 16a show the ratio before the modification and
Fig. 14b, 15b and 16b the ratios after the modification. Figures 14c, 15c and 16c show
the ratios after the modification, but the range of the fit is the same as from before the
modification.
Table 1: The ranges of the fit before and after the modification of the pT spectra in
Fig. 11, 12 and 13.
pT min [GeV/c] pT max [GeV/c]
centrality range Particle specie Before After Before After
0-5%
pi± 0.5 0.5 1 2.3
K± 0.2 0.2 1.5 2.55
p(p¯) 0.3 0.3 3 4.25
10-20%
pi± 0.5 0.5 1 2.15
K± 0.2 0.2 1.5 2.65
p(p¯) 0.3 0.3 3 4.25
40-60%
pi± 0.5 0.5 1 2
K± 0.2 0.2 1.5 2.15
p(p¯) 0.3 0.3 3 3.55
For pT ≈ 0.1 GeV/c the model did not follow the spectra for the pi±. There where
more detected particles than the ones included in the model. These particles originated
from resonance decays. Resonances are hadrons that decay through the strong interaction
and are not included in the blast-wave model. Resonance decays mainly affect the pi±
since few of the K± and the p(p¯) are products from this type of decay. Particles that
originate from resonance decays have a very different spectral form than particles that
originate from a thermal source. This explains why the model did not follow the spectra
for pT ≈ 0.1 GeV/c for the pi±.
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Figure 11: The pT spectra for pi
±, K± and p(p¯) in the centrality range 0-5% from (a)
before and (b) after the multiplication with the modified nuclear modification factor.
The blast-wave fit can be observed as the dashed lines and the range of the fit as the
black line part of the dashed lines. The statistical errors are plotted as error bars.
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Figure 12: The pT spectra for pi
±, K± and p(p¯) in the centrality range 10-20% from (a)
before and (b) after the multiplication with the modified nuclear modification factor.
The blast-wave fit can be observed as the dashed lines and the range of the fit as the
black line part of the dashed lines. The statistical errors are plotted as error bars.
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Figure 13: The pT spectra for pi
±, K± and p(p¯) in the centrality range 40-60% from (a)
before and (b) after the multiplication with the modified nuclear modification factor.
The blast-wave fit can be observed as the dashed lines and the range of the fit as the
black line part of the dashed lines. The statistical errors are plotted as error bars.
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Figure 14: The spectra/blast-wave fit ratio as a function of transverse momentum, pT ,
for (a) before, (b) after with the extended range of the fit and (c) after with the same
range of the fit as from before multiplication with the modified nuclear modification
factor. The figures display the results for 0-5% centrality.
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Figure 15: The spectra/blast-wave fit ratio as a function of transverse momentum, pT ,
for (a) before, (b) after with the extended range of the fit and (c) after with the same
range of the fit as from before multiplication with the modified nuclear modification
factor. The figures display the results for 10-20% centrality.
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Figure 16: The spectra/blast-wave fit ratio as a function of transverse momentum, pT ,
for (a) before, (b) after with the extended range of the fit and (c) after with the same
range of the fit as from before multiplication with the modified nuclear modification
factor. The figures display the results for 40-60% centrality.
19
7 Discussion and Conclusion
To understand the meaning of the result, the p(p¯)/pi± ratio is observed, see Fig. 17 (the
figure comes from a previously published article [12] that uses the same data that has
been used in this thesis). The p(p¯)/pi± ratios, for all centrality ranges, have a peak at
pT ≈ 3 GeV/c, where there is a transition from soft to hard. By looking at the ratios
in Fig. 14a 15a and 16a, it seems as if the blast-wave model only describes a part of the
soft part. The more peripheral the collision is, the larger is the hard part and, therefore,
the smaller is the soft part, see Fig. 17. This corresponds to what can be observed in
the Fig. 14a 15a and 16a, that is, that the blast-wave model describes the spectra better
for more central collisions. From this the following question can be asked: is there some
”new physics” that describes the transition to the hard part and the hard part, or is
it the blast-wave model? To answer this question, Fig. 14b, 15b and 16b are observed.
These figures show the ratios for when the spectra have been multiplied with the modified
RAA. It is evident that after the modification the blast-wave model describes the spectra
for larger pT , almost up to pT = 3 GeV/c. The blast-wave model is now approximately
equally good for all three centrality ranges in contrast to how it was before. This indicates
that it is not some ”new physics” that describes the transition from soft to hard but the
blast-wave model.
Figure 17: The proton-to-pion ratio as a function of transverse momentum, pT for all
centrality ranges. The black line is the EPOS model 2.17-3, which has no relevance for
this project and can be ignored. The boxes around the points are systematic errors [12].
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